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Summary
The formation of different tissue systems in multicellular
organisms depends on the activity of groups of undifferen-
tiated cells called stem cells [1]. In vascular plants, the three
principal tissue systems—dermal, ground, and vascular—
are derived from specific groups of stem cells that are laid
down during embryogenesis [2, 3]. We show here that
SCHIZORIZA (SCZ) is necessary for the early establishment
of the stem cells that produce the ground tissue in the
embryonic root meristem. Our results show that SCZ
expression in stem cells is sufficient to maintain these
cells in an undifferentiated stem cell state. Furthermore,
we show that embryos that lack SCZ and SCARECROW
(SCR) functions do not form a ground tissue because
they do not develop ground tissue stem cells. We demon-
strate that the formation of a complex tissue system
requires the interaction between specific stem cell fate
regulatory genes and patterning genes. Our study reveals
a new function for a member of the heat-shock transcription
factor family in stem cell development [4] and provides
a molecular framework to understand stem cell formation
during embryogenesis.
Results
SCZ Is Required for the Establishment of Ground Tissue
Stem Cells in the Embryo
The three principal tissue systems of vascular plants are
derived from specific groups of stem cells. Each stem cell
divides to renew itself and produce a daughter cell that will
differentiate to produce a specific tissue type [1]. The prin-
cipal tissues in the Arabidopsis root meristem are radially
arranged: the epidermis surrounds the ground tissue (cortex
and endodermis), which in turn encloses the stele [5]. These
tissues develop during embryogenesis and are maintained
through the life of the meristem by stereotypical cell divisions
of the stem cells [3]. SCHIZORIZA (SCZ) is involved in the
radial organization of the primary root [6]. We predicted that
it would be active in the early stages of radial pattern forma-
tion in the embryo when stem cells first develop [7]. Therefore,
we determined the tissue organization of the developing
root meristem in scz mutant embryos. In wild-type embryos,
the root meristem is initiated at the heart stage, when division
of the basal cell of each protoderm file produces an
epidermis/lateral root cap stem cell (Ep/LRC stem cell) [8]
(see Figure S1 available online). Development of scz embryos
was indistinguishable from wild-type embryos before the late*Correspondence: liam.dolan@plants.ox.ac.uk
2Present address: Department of Plant Sciences, University of Oxford,
South Parks Road, Oxford OX1 3RB, UKheart stage, but by the early torpedo stage, we detected
a defect in the pattern of cell division in scz. In wild-type
embryos, the ground tissue stem cell (GT stem cell) divided
anticlinally (new wall perpendicular to root surface) to form
a daughter cell that in turn divided periclinally (new wall
parallel to root surface) to form an endodermis and cortex
cell (Figures 1A–1C; Figure S1). In scz embryos, the cells in
the position of the GT stem cells did not divide anticlinally
but instead underwent a periclinal division. This resulted in
the formation of two cells, an outer cell that divided anticli-
nally to form an additional layer not found in wild-type and
an inner cell that divided once periclinally to form cells that
ultimately produce two layers (Figures 1D–1F). This defective
cellular organization in the root meristem was maintained
through to the mature stage and was present in the primary
root after germination (Figures S2A and S2B). Once devel-
oped, each stem cell in the embryo has a characteristic
pattern of cell division that is precisely maintained during
postembryonic development. The altered pattern of cell divi-
sion in cells in the position of GT stem cells in scz embryos
indicates that the development of functional stem cells is
defective in the mutant. Moreover, the identity of the addi-
tional outer cell is epidermal (Figures S2C and S2D). The
formation of this extra epidermal layer explains the capacity
of the scz mutant to form subepidermal root hairs as previ-
ously described [6]. Together, these data suggest that SCZ
is required during wild-type development for the formation
of stem cells in the embryonic meristem and their subsequent
maintenance in the postembryonic seedling.
SCZ Regulates Stem Cell Niche Organization
The stem cell niche in the root comprises the slowly dividing
cells of the quiescent center (QC) and the surrounding stem
cells. We demonstrated above that SCZ is required for the
development of GT stem cells. To determine whether SCZ
function is required for the development of other cells in the
stem cell niche, we analyzed the cellular structure of the
niche in 4-day-old scz mutant primary roots. In scz roots,
the stem cell niche was disorganized compared to wild-
type. No QC cells could be clearly identified, and the organi-
zation of adjacent columella layers was defective (Figures 2A,
2B, 2G, and 2H). Furthermore, the expression of the QC25,
QC46, and J0571 enhancer traps, which are expressed in
the QC of wild-type, was greatly reduced in scz mutants
(Figures 2C–2E and 2I–2K). Together, these data indicate
that SCZ activity is also required for the development of the
QC. Because the QC is the source of a signal that represses
the differentiation of columella stem cells, we predicted that
columella stem cells would undergo precocious differentia-
tion in scz mutants [1, 9]. Whereas starch is absent in colu-
mella stem cells and accumulates in differentiating columella
of wild-type, we observed starch in cells at the position of
columella stem cells in scz mutant roots (Figures 2B–2D
and 2H–2J). This indicates that the defect in QC development
results in the precocious differentiation of columella stem
cells. Together, these results indicate that SCZ function is
required for the specification of the QC and stem cells in
the stem cell niche.
Figure 1. SCZ Regulates the Formation of Embryonic Ground Tissue Stem Cells in the Arabidopsis Root
Cellular organization of the root meristem in wild-type and scz Arabidopsis embryos as revealed by propidium iodide staining (A, B, D, and E) and aniline blue
staining (C and F). In scz embryos (D–F), a defective division takes place in the ground tissue stem cells (g): a periclinal division (white triangles in D–F) results
in the formation of two stem cells instead of one as in wild-type embryos (A–C). As a consequence of the presence of the extra stem cells, an additional layer
(m) is formed in scz embryos. This defect in the pattern of division is detected at different stages of embryogenesis: torpedo-stage embryos (A and D),
walking-stick embryos (B and E), and mature embryos (C and F). The following abbreviations are used: QC, quiescent center; g, ground tissue stem cell;
e, endodermis; c, cortex; ep, epidermis; LRC, lateral root cap. The following color coding is used in the images at left: QC, dark gray; epidermis, pale green;
ground tissue stem cell, pale blue; ground tissue daughter cell, purple; endodermis, yellow; cortex, orange. See also Figures S1 and S2. Scale bars represent
20 mm.
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Expressed in Stem Cells and Ground Tissue
If SCZ is required to establish the stem cells during embryo-
genesis, we would expect that its expression would beFigure 2. SCZ Is Required for Quiescent Center Development
Cellular organization of the stem cell niche in 4-day-old wild-type (A–E) and sc
(A, B, G, and H) Longitudinal view of the stem cell niche of wild-type (A and B) an
(arrow) and columella files (arrowhead).
(C, D, I, and J) The enhancer trap lines pQC25 and pQC46 express b-glucuron
starch in differentiated columella cells (arrowhead) in wild-type roots (C and D
(arrow), and starch accumulates in columella initials (arrowhead).
(E and K) The enhancer trap line J0571 is expressed in the QC (arrow) of wild-synchronized with the onset of root meristem formation
when the stem cells are first formed. To define the role of
SCZ in stem cell formation, we identified theSCZ gene by posi-
tional cloning. SCZ encodes HEAT SHOCK TRANSCRIPTIONz (G–K) primary roots.
d scz (G and H) roots stained with propidium iodide showing cells of the QC
idase (GUS) activity (blue) in the QC cells (arrow), and Lugol’s iodine stains
). In scz roots (I and J), pQC25 and pQC46 expression is reduced or diffuse
type roots (E), but not in scz roots (K).
Figure 3. Increased SCZ Expression Induces Supernumerary Stem Cells
Cellular organization of the meristematic region in 6-day-old 35S::SCZ roots (B, D, F, H, J, and N–P) compared to wild-type roots (A, C, E, G, I, and K–M).
(A and B) pEND::GFP is expressed in ground tissue stem cell and endodermis cells (white arrowhead) in wild-type (A) and 35S::SCZ (B) roots, and also in the
extra file of cells (white arrows) in 35S::SCZ roots.
(C and D) pCO::GFP is expressed in cortical cells (white arrowhead) in wild-type (C) and 35S::SCZ (D) roots but is absent from the extra file of cells (white
arrows) in 35S::SCZ roots.
(E and F) Longitudinal view of meristem organization of wild-type (E) and 35S::SCZ (F) roots stained with propidium iodide showing the supernumerary stem
cells (white arrow) in the columella and ground tissue stem cell region (white arrowhead).
(G and H) The pQC25 marker line expresses b-glucuronidase (GUS) activity (blue) in the QC cells, and Lugol’s iodine stains starch accumulation in differ-
entiated columella cells in wild-type roots (white arrowhead). In wild-type roots (G), there is a single columella stem cell layer (white arrow) below the QC
cells revealed as an unstained layer by Lugol treatment. In 35S::SCZ roots (H), there are several unstained cell layers (white arrowhead) and an increase
in root diameter (black arrow).
(I and J) Q1630 enhancer trap line expresses GFP in differentiated columella cells in wild-type (I) and 35S::SCZ (J) but is absent in the supernumerary
cells (white arrow).
(K and N) The enhancer trap J3441 expresses GFP in epidermis/lateral root cap cells in wild-type (K) and 35S::SCZ (N) but is absent in the extra cells
(white arrows).
(L and O) pWER::GFP is expressed in epidermis/lateral root cap stem cells, epidermis, and lateral root cap cells in wild-type roots (L) as well as in the super-
numerary cells and extra layers (white arrows) in 35S::SCZ roots (O).
(M and P) pRDH6::RDH6::GPF is expressed in epidermal cells in wild-type (M) and 35S::SCZ (P) roots as well as in the extra layers present in these roots
(white arrows). See also Figures S3 and S4.
Scale bars represent 20 mm.
Current Biology Vol 20 No 9
820FACTOR B4 (HSFB4; At1g46264), a member of the B subfamily
of heat-shock factors (Figure S3D). All alleles isolated have
mutations that generate stop codons between amino acid
positions 132 and 192 (Figure S3B). To determine where the
SCZ gene is expressed, we generated transgenic plants ex-
pressing the b-glucuronidase (GUS) reporter gene driven by
a 2 kb fragment of the predicted SCZ promoter and carried
out in situ hybridization with gene-specific antisense probes.
SCZ is first expressed in the early torpedo stage, coincident
with the establishment of the different tissues of the root meri-
stem and the appearance of the defective division in devel-
oping GT stem cells in scz embryos. SCZ was expressed in
GT stem cells, GT stem cell daughter cells, endodermis, and
cortex of the embryonic root meristem (Figures S3 and S4).
These results indicate that the temporal and spatial expression
of SCZ is consistent with its role in the formation of stem cells
during embryogenesis and suggest a role in the development
of ground tissue.
SCZ Positively Promotes Stem Cell Identity
Our results indicate that SCZ regulates the formation of the GT
tissue stem cells. Therefore, we predicted that an increase inSCZ expression levels would result in the formation of extra
stem cells. In wild-type roots, a single stem cell is present at
the base of the two layers of ground tissue. Transgenic plants
expressing SCZ under the control of the cauliflower mosaic
virus 35S promoter (35S::SCZ) developed a file containing
supernumerary GT stem cells instead of the single stem cell
in wild-type plants (Figures 3E and 3F). To verify that these
cells have stem cell identity, we analyzed the expression of
two ground tissue markers in these cells. In wild-type,
pEND::GFP is expressed in the GT stem cell and in the endo-
dermal layer, but in 35S::SCZ roots, it was expressed in the
file of supernumerary stem cells, confirming that these cells
have stem cell identity (Figures 3A and 3B). During wild-type
development, pCO::GFP is not expressed in the single GT
stem cell but is only expressed later in the cortex. In
35S::SCZ roots, the number of cells without pCO::GFP expres-
sion increased, and these cells occupied the cell file that
develops at the base of the ground tissue, the putative super-
numerary GT stem cells (Figures 3C and 3D). These results
confirm that cells in this file have stem cell identity. Further-
more, these supernumerary GT stem cells eventually formed
a double-layered ground tissue that expressed both
Figure 4. scr scz Lacks Ground Tissue System in the Root
(A–D) Tissue organization of wild-type (A), scr (B), scr scz (C), and scz (D) roots in a transversal section shows the lack of ground tissue in the scr scz double
mutant: neither cortex nor endodermis layers are observed.
(E–H) Longitudinal view of tissue organization in the root meristem as revealed by propidium iodide staining in wild-type (E), scr (F), scr scz (G), and scz (H)
roots also shows the lack of ground tissue in the double mutant.
(I) The double mutant exhibits a normal epidermis layer with developed hairs.
(J) The double mutant scr scz has a shorter root than the single mutants scr and scz.
The following abbreviations are used: v, vascular bundle; e, endodermis; c, cortex; ep, epidermis; lrc, lateral root cap; m, mutant layer. Scale bars represent
20 mm.
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outer cortical layer. This demonstrates that the supernumerary
stem cells function as GT stem cells and develop into ground
tissue (Figures 3B and 3D). Taken together, these results indi-
cate that SCZ promotes the development of stem cells and
suggest that the role of SCZ in the establishment of the GT
stem cells during embryogenesis is to confer these cells with
stem cell identity.
If SCZ promotes stem cell identity, we would hypothesize
that ectopic expression of SCZ would induce the formation
of supernumerary groups of stem cells outside the ground
tissue stem cell region. In 35::SCZ roots, extra cells developed
in the position of columella and Ep/LRC stem cell (Figures 3G–
3J). To demonstrate that these extra cells were stem cells, we
determined their identity by using a combination of morpho-
logical and molecular markers. Columella stem cells can be
distinguished from differentiated columella cells because the
former lack starch accumulation. In 35S::SCZ roots, the extra
cells in the vicinity of columella stem cells did not accumulate
starch, indicating that they were stem cells and not differenti-
ated columella cells (Figures 3G and 3H). Furthermore, the
Q1630 enhancer trap, which is expressed in differentiated
columella cells in wild-type, was not expressed in the supernu-
merary cells that developed in 35S::SCZ roots (Figures 3I and
3J). Together, these data indicate that these supernumerary
cells display columella stem cell characteristics. Similarly,
we observed supernumerary cells in the position where the
Ep/LRC meristematic cells are located in wild-type. The
J3441 enhancer trap is expressed in differentiated LRC and
epidermis meristematic cells in wild-type roots but was not
expressed in the supernumerary cells in 35S::SCZ roots, sup-
porting the conclusion that these cells have stem cell identity
(Figures 3K and 3N). Because each Ep/LRC stem cell produces
a layer of cells, we predicted that more cell tissue layers woulddevelop in 35S::SCZ plants because they have more stem
cells than wild-type. As predicted, 35S::SCZ roots were wider
than wild-type roots as a result of the formation of additional
tissue layers. pWER::GFP and pRDH6::RDH6::GFP, which
are expressed in the epidermal layer in wild-type, were also
expressed in the additional layers in the SCZ-overexpressing
plants (Figures 3L, 3M, 3O, and 3P), indicating that these extra
layers have epidermal identity. Together, these results indicate
that the supernumerary cells formed in the meristem of the
35S::SCZ roots display the characteristics of stem cells and
demonstrate that SCZ expression is sufficient to promote
stem cell identity.
SCR SCZ Interaction Is Necessary for Ground
Tissue Formation
SCARECROW (SCR) is a key regulator of radial patterning and
GT stem cell development in the root meristem [10, 11]. If SCZ
is necessary for the formation of the stem cell population in the
embryo upon which the radial pattern is imposed, SCR might
interact with SCZ to organize tissue development during the
formation of the embryonic root meristem. To investigate
whether SCZ and SCR interact, we generated scr scz double
mutants by using the complete loss-of-function allele scr-4.
The most striking phenotype in the double mutant was a severe
defect in radial tissue organization: scz scr double-mutant
roots did not develop a ground tissue system (Figures 4A–
4H); neither the cortex nor the endodermis developed. This is
supported by the observation that the ground tissue marker
pSCR::GFP was not expressed in this double mutant (data
not shown). A single external cell layer (and the lateral root
cap in the meristem) surrounded the stele, and cells in this
external layer developed root hairs that are only formed in
the epidermis of wild-type plants, indicating that this outer
layer has epidermal identity (Figure 4I). These results indicate
Figure 5. scr scz Double Mutants Do Not Produce Ground Tissue Stem Cells during Embryogenesis
Analysis of root meristem organization in wild-type (A–E) and scr scz (F–J). The lack of ground tissue layers in scr scz is produced by the absence of ground
tissue stem cells in the double-mutant root meristem.
(A and F) At the heart stage of embryogenesis, the scr scz double mutant (F) does not produce the formative cell division in the basal cell of the protoderm
(black arrowhead) to form the first lateral root cap cell as observed in wild-type (A) (white arrowhead).
(B and G) The Ep/LRC stem cell remains undivided by the torpedo stage in scr scz (G) (black arrowhead). The number of vascular stem cells (gray dots) and
the formation of the columella layers are not altered in scr scz compared to wild-type (B).
(C and H) At the walking-stick stage of embryogenesis, scr scz embryos (H) show the same pattern of division in the basal cell of the inner mutant layer
(white arrowhead) as the epidermis/lateral root cap stem cell of the wild-type (C) roots. Also, the outer mutant layer in scr scz embryos is morphologically
different from the outer layer of the wild-type and resembles a lateral root cap cell (white arrows).
(D, E, I, and J) In more mature scr scz embryos, the inner mutant (im) layer has epidermal identity (rightward-pointing white arrow) and the outer mutant (om)
layer has lateral root cap identity (leftward-pointing white arrow). See also Figure S5.
The following abbreviations are used: QC, quiescent center; g, ground tissue stem cell; e, endodermis; c, cortex; ep, epidermis; LR1, first lateral root cap cell;
LRC, lateral root cap; col, columella; im, inner mutant layer; om, outer mutant layer. Scale bars represent 20 mm.
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this interaction is vital for the development of the entire ground
tissue system of the root. To date, this is the first mutant
described in which one of the three principal tissues that
comprise the plant body has been lost.
Because both SCR and SCZ regulate the development of
the ground tissue stem cells during embryogenesis [10], we
predicted that the lack of ground tissue layer in the scr scz
double mutant is due to an absence of ground tissue stem cells
in the embryo. We analyzed the formation of the root meristem
during embryogenesis in the double mutant. In wild-type
embryos, the initiation of meristem formation begins at the
heart stage, when the lowermost cells of the protoderm divide
periclinally to form an Ep/LRC stem cell and a lateral root cap
cell (Figure S1). Because Ep/LRC stem cells and GT stem cells
are established simultaneously in wild-type, we used these
formative divisions as morphological markers to identify the
onset of the formation of ground tissue stem cells. By the heart
stage, the Ep/LRC stem cells division had occurred in wild-
type but had not taken place in scr scz double mutants
(Figures 5A and 5F). No periclinal division had taken place by
the torpedo stage in scr scz embryos. In contrast, the forma-
tion of columella and vascular stem cells had been completed
in the scr scz double mutant at the same stage as in wild-type
embryos (Figures 5B and 5G). The Ep/LRC stem cells were not
produced until the bending-cotyledon stage in the scr scz
embryos, but no GT stem cells had formed by this stage or
in mature embryos (Figures 5H–5J). These results indicate
that the initiation of the root meristem is defective in scr scz
double mutants, in which ground tissue stem cells do not
develop (Figure S5), and corroborate the conclusion that aninteraction betweenSCZ andSCR is required for ground tissue
formation.
Discussion
The formation of complex tissue systems in plants and animals
is one of the fundamental processes in cell and developmental
biology. The body of vascular plants comprises three funda-
mental tissue systems—dermal, ground, and vascular tissue.
Although substantial progress has been made in under-
standing the patterning and differentiation of cells within the
principal tissues, little is known about the mechanisms that
control the early establishment of any of these three tissue
systems.
We report here the discovery of a mechanism that regulates
the initiation and development of one of these principal tissue
systems, the ground tissue. The model that emerges is one
wherein the coordinated action of two transcription factors,
SCZ and SCR, is required for the formation of ground tissue
stem cells during embryogenesis. There are three key pieces
of evidence supporting this proposed mechanism. First, the
development of ground tissue stem cells is defective in the
scz single mutant, and overexpression of SCZ is sufficient to
program stem cell development. Second, ground tissue iden-
tity is defective in the scr single mutant. Third, no ground tissue
develops in plants that lack both the SCZ and SCR transcrip-
tion factors, because ground tissue stem cells fail to develop
in the double-mutant embryo. Together, these data indicate
that the coordinated activity of SCZ and SCR defines a regula-
tory module that underpins the formation of the ground tissue
system.
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all land plants, suggesting that this mechanism is ancient
and conserved. Given that SCZ belongs to the family of heat-
shock factors that are components of a signaling pathway in
response to environmental stress, it is likely that the role of
SCZ in ground tissue formation may provide a mechanism
explaining the changes in ground tissue development that
are observed in response to stresses such as drought or
salinity [12, 13]. Taken together, these data suggest that the
genetic mechanism that controls ground tissue development
may be derived from an ancestral network that controlled the
response of the prevascular plants to environmental stress.
Experimental Procedures
Plant Lines and Growth Conditions
The scz1-1 mutant [6], pWER::GFP [14], pQC25, pQC46, pCO::GFP,
pEND::GFP [15], pSCR::SCR::GFP [10], and pRDH6::RDH6::GFP [16] lines
have been described previously. Embryos at different stages were
dissected from embryo sacs and incubated in the appropriated buffers.
Seeds were surface sterilized, plated on Phytagel medium, placed at 4C
for 48 hr in darkness, and then grown vertically in continuous light at 25C.
Microscopy
Optical sections of embryos and roots were obtained with a Zeiss 510 Meta
confocal microscope. For propidium iodide and modified pseudo-Schiff
propidium iodide (mPS-PI)-stained samples, a 488 nm excitation line was
used and emission was collected at 580–700 nm. For aniline blue-stained
mature embryos, a 514 nm excitation line was used and emission was
collected at 550 nm. For double labeling with propidium iodide and GFP,
propidium iodide was visualized with wavelengths 605–665 nm and GFP
with wavelengths 521–561 nm. Photographs of plants grown on Phytagel
medium were taken with a Leica Wild M10 stereomicroscope. Embryos at
various stages were cleared in chloral hydrate solution and visualized with
a Leica DM6000 microscope.
Staining Procedures and Embedding
Embryos were stained via the mPS-PI staining method [17]. Mature
embryos were stained with aniline blue [18]. For confocal microscopy of
roots, seedlings were stained with 20 mg/ml propidium iodide for 5 min.
b-glucuronidase and starch granule staining were performed as described
previously [19]. Seedlings were embedded in Technovit, and 10 mm trans-
verse sections were taken from roots.
Mapping
The SCZ gene was cloned via a map-based strategy. A segregating F2
family was generated from a cross between an scz1-1 homozygote in the
Landsberg erecta background and wild-type Columbia. The rough map
position of scz1-1 was obtained with SSLP markers by analyzing DNA
from 186 F2 scz1-1 mutants of the mapping population. DNAs from 848
F2 scz1-1 mutants of the mapping population were analyzed with these
primers. To identify mutations in the scz1-1 alleles, we amplified the SCZ
coding region from wild-type and mutant plant DNA by polymerase chain
reaction.
Supplemental Information
Supplemental Information includes five figures and can be found with this
article online at doi:10.1016/j.cub.2010.02.062.
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